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The vertical location of 30 mol % cholesterol in a hydrated dimyristoylphosphatidylcholine (DMPC)
membrane was determined by neutron diffraction on annealed samples containing deuterated or protonated
cholesterol at 10, 20, 25, 30, and 50 °C. The sterol was deuterium-labeled in positions 2, 2, 3, 4, 4, and
6, and proton-deuterium contrast techniques were used to locate the position of the labeled part of the
steroid in the membrane. Cholesterol is found well embedded in the membrane, with ring A at 16.3 ( 0.5
Å from the bilayer center at 10 °C. This location linearly decreases to 15.1 ( 0.5 Å at 50 °C, demonstrating
that the sterol is not expelled from the membrane on crossing the former gel-to-fluid phase transition of
pure DMPC (24 °C). Molecular dynamics were also performed on well-hydrated membranes in the presence
and absence of cholesterol. Neutron scattering 1D profiles were then calculated for comparison with
experimental neutron scattering data. The profile obtained from pure fluid-phase lipids is in nice agreement
both in shape and in bilayer hydrophobic thickness with the experiment. The pure gel-phase calculation
leads to the correct line shape but with an overestimated bilayer thickness. In the presence of cholesterol,
only the calculation performed with initial gel-phase conditions leads to a hydrophobic thickness in agreement
with neutron data. Ring A of cholesterol is found at 15.2 ( 0.5 Å at 10 °C, underestimating the experimental
value by only 1 Å. Molecular dynamics show that the hydroxyl group of cholesterol is hydrated and in such
a proximity to the carboxyl oxygens of the phospholipids that it can make hydrogen bonds. The ability for
molecular dynamics calculations on membranes to determine structural data in membranes is finally
discussed.

Introduction

Cholesterol (CH) is found in many biological membranes
and is the main sterol of animal organisms. It is equimolar
with phospholipids in membranes of liver cells, erythro-
cytes,46 and myelin3 whereas in human stratum corneum,
that is, the outermost layer of epidermis, it represents 20
wt % of the lipidic fraction.8,18 Cholesterol has been

extensively studied over the last two decades and is known
as a regulator of membrane ordering;7,19,28,36,43 for a review
see ref 53. It has a condensing effect on the lipid acyl
chains at a temperature above that of the former gel-to-
fluid phase transition of phospholipids and a disordering
action below. Using diffraction methods12,15,49,50 and
spectroscopic techniques,1,7,19,32,41 it has been proposed that
cholesterol is located in the membrane. It has further been
demonstrated by solid-state NMR that it orients quasi-
perpendicularly to the membrane surface and that its† This work is in memory of Alain Léonard.

* Address correspondence to Erick J. Dufourc, IECB-Polytech-
nique, FRE CNRS 2247, Av Pey-Berland, BP 108, 33402 Talence
cedex, France. Telephone/fax: (33) 5 57 96 22 18. E-mail: erick.
dufourc@iecb-polytechnique.u-bordeaux.fr.

‡ Centre de Recherche Paul Pascal.
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orientation is temperature independent in the range 15-
70 °C.7,22 The accurate vertical location in the membrane
is however a little bit controversial. The pioneering work
of Worcerster and Franks49,50 using 40 mol % [3-2H1]-
cholesterol in egg lecithin showed that carbon-3 of the
steroid skeleton was at 18 Å from the bilayer center at
room temperature. However, a recent study34 proposed
that cholesterol could be expelled from the bilayer interior
at the former gel-to-fluid transition temperature of pure
dipalmitoylphosphatidylcholine (DPPC). On the other
hand there appears more studies by molecular dynamics
of hydrated bilayer systems containing phospholipids and
cholesterol. For a review see Berendsen and co-workers,44

who clearly state the computer perspectives in molecular
dynamic studies of lipid bilayers and highlight the
difficulties. Among the few works known on simulations
of cholesterol-containing systems, one must report those
of Gabdouline13 on a small system, namely 16 dimyris-
toylphosphatidylcholine (DMPC) molecules and 16 cho-
lesterol molecules in a hydrated bilayer, and of Robinson,35

who studied an assembly made of 36 DMPC and 4
cholesterol. Calculations were performed for 100 and 400

ps, respectively, but the data were not strictly compared
with accurate experimental data. More recently, calcula-
tions were carried out for longer times.29,40,45 The agree-
ment with dynamical experimental data, such as order
parameters, was improved, but still there remains ex-
perimental facts not accounted for by the calculation. To
our knowledge there are no comparisons of structural data,
in membrane systems, with molecular dynamics.

In this work we tried to address two main questions:
(i) what is the accurate vertical location of cholesterol in
the membrane and its possible temperature variation
when crossing a former phase transition, and (ii) what is
the capability of molecular mechanics to model lipid-
cholesterol membrane systems? The first problem was
solved by neutron diffraction on oriented samples. We
experimentally determined the vertical location of cho-
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lesterol in DMPC bilayers by performing neutron dif-
fraction experiments at 10, 20, 25, 30, and 50 °C on samples
containing either deuterated or protonated cholesterol.
This was accomplished by taking advantage of the
difference in sign and magnitude of the scattering
amplitudes of these two isotopes. The difference between
both Fourier profiles indeed allows us to extract distances
of the body-labeled cholesterol from the bilayer center, as
has been done for a number of phospholipids.4,55 Problem
ii was addressed by comparing neutron structural data to
molecular mechanics simulations carried out for 2-3 ns
on a cholesterol-containing DMPC membrane in water,
under conditions very close to those of neutron diffraction
experiments. The molecular dynamics data were used to
reconstruct the neutron scattering 1D profile to provide
direct comparison with experimental data. Because the
gel- or fluid-phase nature of the membrane in its initial
state was found to be important, molecular mechanics
were also performed on pure phospholipid gel- or fluid-
phase membranes and compared with neutron data.

Materials and Methods

Chemicals. DMPC was purchased from Interchim (Montlu-
çon, France) whereas cholesterol was purchased from Sigma
Chemical Co. (St Louis, MO). Deuterium-labeled cholesterol in
carbon positions 2, 2, 3, 4, 4, and 6 was synthesized according
to already published procedures.7 Heavy water (D2O) was
obtained from ILL (Grenoble, France). The purities of DMPC
and cholesterol were checked by thin-layer chromatography prior
to and after completion of experiments; little degradation (less
than 5%) was detected.

Sample Preparation. Oriented multilayers were prepared
as follows. Mixtures of DMPC (30 mg) with cholesterol were
cosolubilized in chloroform/methanol (2/1 v/v). Microscope slides
(previously treated by overnight immersion in a chromic acid
solution, washed, and dried) were coated with this organic
solution and placed in an oven at 50 °C for 3 h to ensure
evaporation. Sample hydration and annealing were achieved by
placing the slides in the presence of a saturated KCl solution in
the oven at 50 °C for 3 h. This solution ensures a constant relative
humidity of 85%. This procedure was repeated for samples
containing protonated or deuterated cholesterol. To determine
the sign of the structure factors (vide infra), the samples were
also studied with different amounts of H2O/D2O mixtures (0, 50,
100% D2O); that is, samples were dehydrated in the oven (50 °C,
4-5 h) and subsequently equilibrated with the desired H2O/D2O
mixture, as described above.

Neutron Diffraction. Samples were mounted on a goniom-
eter placed in a sealed temperature-controlled aluminum can in
the presence of an appropriate saturated KCl bath to maintain
constant relative humidity at all temperatures studied. Diffrac-
tion experiments were performed on the D16 diffractometer at
the Institut Laue-Langevin (ILL, Grenoble, France) and the V1
diffractometer at the Berlin Neutron Scattering Center (BENSC,
Berlin, Germany), respectively operating at λ ) 4.525 and 5.8 Å.
Data collection was accomplished as described by Pebay-
Peyroula.30 Bragg peaks were separated by more than 3.5° in 2θ
and therefore did not overlap. The stronger reflections could be
measured in minutes whereas the weaker ones were scanned for
several hours to get a good signal-to-noise ratio. The signal coming
from the wires on the periphery of the detector was perturbed
and not taken into account (a mask was created). Intensities on
the detector surface were corrected from the background signal
(water scan). Linear regrouping was performed by running ILL-
made software (HPSD16), hence affording peak intensities I(h)
as a function of 2θ with h standing for the order of the diffraction.
Sample mosaicity, η, was measured from so-called rocking

curves37,55 and ranged between 1 and 2°, demonstrating the high
degree of orientation of our samples. Further treatment according
to equations developed in the Appendix was accomplished on
VAX computer systems according to unpublished FORTRAN
programs (E. J. Dufourc and E. Pebay-Peyroula).

Molecular Mechanics Simulation. Calculations were per-
formed running Macromodel version 5.0 on a SGI Indy 4400SC
workstation (Columbia University, NY26) and Insigth II and
Discover version 97 (Molecular Simulations Inc.) on a quad-
riprocessor SGI Origin 200 server. To set up the bilayer model,
DMPC and cholesterol molecules were at first built in Macromodel
and minimized using the MM2* force field (1987 parameters).
For DMPC, all the torsional angles derived from the X-ray
structure of DMPC‚2H2O were then applied to the previous
structure. For cholesterol, the X-ray structure was directly used
after steepest descent minimization in order to ensure a “quasi-
ideal” conformation. The lipids were then imported into InsightII,
submitted to a MOPAC/MNDO charge calculation, and parti-
tioned into neutral groups. A 13 Å group-based cutoff was used
throughout the calculations. A hexagonal crystalline bilayer of
2 × 30 DMPC was built at first, roughly minimized, and inserted
at the center of a 40 × 80 × 29 Å3 box (volume of 92 800 Å3, Slip
) 39 Å2). The bilayer was soaked with water, fully minimized,
and submitted to a 150 ps molecular dynamics run with volume
kept constant. The resulting DMPC molecules were then used
as a “premelted” lipids database. They were set randomly on a
hexagonal lattice, leading to a specific surface of 63 Å2 with an
initial P‚‚‚P distance across the bilayer of 36 Å. All severe van
der Waals contacts were removed by hand, and this assembly
was taken as a template for all fluid-phase simulations in the
absence and presence of cholesterol.

(i) Fluid-Phase DMPC Simulation. The above template was
then centered in a 42.5 × 60.0 × 44.4 Å3 box, soaked with water
(21.5 H2O/lipid) for a total amount of 10 947 atoms, treated with
periodic boundary conditions, and thoroughly minimized using
a conjugate gradient method (12 000 cycles, final rms of 2 ×
10-3). The resulting system was then submitted to a molecular
dynamics run with the following conditions: temperature of 320
K, time step ) 1.5 fs, group cutoff of 13 Å, snapshots stored every
1 ps, 500 ps at constant volume, and then 2 ns at constant
pressure.

(ii) Cholesterol-Containing Membrane Simulation with Initial
Fluid Phase Conditions. One-third of the phospholipids of the
above-mentioned template were removed and replaced by 20
cholesterol molecules in a way to avoid sterol clusters and to
position the hydroxyl group close to DMPC carboxylates. The
resulting bilayer was then placed in the center of a 42.5 × 60.0
× 44.4 Å3 box and soaked with water (namely 1027 molecules);
then the whole assembly (9281 atoms) was treated with periodic
boundary conditions and thoroughly minimized using a conjugate
gradient method (13 000 cycles, final rms of 7 × 10-4). The
resulting system was then submitted to a molecular dynamics
run (CVFF force field (Discover 95)) with the following starting
conditions: constant pressure, temperature of 283 K, time step
) 1.5 fs, group cutoff of 13 Å, snapshots stored every 1 ps and
for a total calculation time of 2 ns.

(iii) Gel-Phase DMPC Simulation. A hexagonal lattice of 2 ×
30 DMPC was built with an initial specific surface of 50.1 Å2 and
with a starting P‚‚‚P distance across the bilayer of 37 Å. The
resulting bilayer was then placed in the center of a 38.0 × 66.0
× 39.6 Å3 box and soaked with water (1029 molecules, i.e. 17.15
H2O/lipid). The whole assembly (10 167 atoms) was then treated
with periodic boundary conditions and thoroughly minimized
using a conjugate gradient method (12 000 cycles, final rms of
3 × 10-3). As above, the resulting system was then submitted to
a molecular dynamics run with the following conditions: tem-
perature of 278 K, time step ) 1.5 fs, group cutoff of 13 Å,
snapshots stored every 1 ps, 250 ps at constant volume, and then
2 ns at constant pressure.

(iv) Cholesterol-Containing Membrane Simulation with Initial
Gel-Phase Conditions. The starting template was the initial
bilayer of the above system (gel phase) in which one-third of the
phospholipids had been removed and replaced by 20 cholesterol
molecules in such a way that clusters were avoided and sterol
hydroxyl groups placed close to DMPC carboxylates. The resulting
bilayer was centered in a 38.0 × 60.0 × 39.6 Å3 box and soaked
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with water (779 molecules). The whole assembly (8537 atoms)
was then treated with periodic boundary conditions and thor-
oughly minimized using a conjugate gradient method (10 000
cycles, final rms of 6 × 10-3). As above, the resulting system was
then submitted to a molecular dynamics run with the following
conditions: temperature of 283 K, time step ) 1.5 fs, group cutoff
of 13 Å, snapshots stored every 1 ps, 200 ps at constant volume,
and then 3 ns at constant pressure.

Calculation of Neutron Density Profiles from Molecular
Dynamics. The atomic x, y, z coordinates of all atoms coming
from the simulation were used to calculate the one-dimensional
density profile in a direction normal to the membrane plane. The
amplitude of diffraction of atom i at position xi onto the bilayer
normal was described by a Gaussian function:

where bi is the coherent scattering amplitude (Fermi amplitude)
and σ the Fermi width. bi values for all isotopes in membranes
can be found in ref 49 and are reproduced below for atoms of
interest in our study: bi(H) ) -0.374 × 10-12 cm, bi(D) ) 0.667
× 10-12 cm, bi(C) ) 0.664 × 10-12 cm, bi(O) ) 0.580 × 10-12 cm,
bi(N) ) 0.936 × 10-12 cm, bi(P) ) 0.510 × 10-12 cm. The one-
dimensional density profile of the membrane is obtained by
summing up ai for all atoms of the molecular mechanics
calculation. To account for cholesterol selective deuteration, the
protons of interest were exchanged by deuterons in the coordi-
nates file. The procedure (E. Dufourc, unpublished) was written
in FORTRAN using the Absoft Pro Fortran package (Rochester
Hills, USA) and run on a personal computer.

Theoretical Background on Neutron Diffraction
The aim of such neutron diffraction experiments is to

reconstruct the one-dimensional neutron scattering profile
of the membrane by Fourier transformation of the
structure factors, F(h). Intensities of Bragg peaks are the
observables from which F(h) values are obtained by
performing suitable corrections to account for experi-
mental setup. The absolute values of the structure factors
can be expressed as

where Li(h) are correction factors related to the experi-
mental setup and to sample geometry (see the Appendix).
Because the sample structure is centrosymmetric, the sign
of the structure factor is (1. It can be determined from
the linear dependence of the neutron structure factor, for
a given order h, versus the D2O water content in the water
layer.50 Two methods for sign determination are presented
in the Appendix.

The Fourier expression for the coherent scattering
amplitude density of the membrane, in real space, is
written as4,30,49

where x is the direction normal to the bilayer surface and
d the lamellar repeat spacing. When experiments are
performed with protonated and deuterated molecules
embedded in the bilayer, the scattering profile of the
labeled position is obtained from the difference between
profiles obtained with labeled and unlabeled molecules:30

where s is an appropriate scaling factor. FD(h) and FH(h),

respectively, represent the structure factors for mem-
branes containing the deuterated and protonated mol-
ecule. Absolute scaling can be obtained from the water
distribution profiles.30,54

Results

Structure Factors. Diffraction patterns were recorded
for DMPC bilayers containing 30 mol % protonated or
deuterated cholesterol. Samples in the absence of cho-
lesterol were also investigated. Each sample was examined
for three D2O concentrations (0, 50, and 100%, v/v) and
several temperatures (10, 20, 25, 30, and 50 °C). Pure
DMPC membranes were only examined at 10 and 50 °C.
When changing temperature or D2O content, θ-2θ scans
were performed until no further change in intensity and
2θ position was observed in the diffraction patterns. In
some cases, waiting for equilibrium could last up to 12 h.
Significant Bragg peak intensities could be observed up
to the tenth order, depending on membrane composition
and/or temperature. The lamellar repeat distance was
obtained from a least-squares fit of the Bragg law applied
to all detectable orders (d ) hλ/2 sin θB, θB standing for
the Bragg diffraction angle; Table 1). It can be noted that,
for a given temperature, d values are the same within 0.3
Å for systems containing labeled or unlabeled molecules.
For a given sample and temperature, H2O-D2O exchange
did not induce modifications in d greater than 0.1 Å (data
not shown). As a general comment, it is noted that the
presence of cholesterol leads to a d increase of 3.3 ( 0.1
Å at 10 °C and 4.2 ( 0.1 Å at 50 °C. The thermal variation
over 40 °C leads to a decrease of the lamellar repeat
distance by 5.8 ( 0.1 and 6.7 ( 0.1 Å, respectively, in the
presence and absence of cholesterol.

Structure factors were calculated as described in the
Theoretical Background on Neutron Diffraction and
Appendix sections. The signs of F(h) up to h ) 5 were
determined using H2O-D2O exchange and methods A or
B described in the Appendix. Such a contrast procedure
could not be performed for h > 5 due both to weak signals
and to time limitations on the neutron lines. In this case,
signs were successively varied and Fourier profiles
calculated. A criterion of choice was a close coincidence
with scattering profiles already published in the literature.
All results are collected in Table 1. One clearly remarks
that differences markedly occur for systems containing
labeled and unlabeled cholesterol molecules.

Membrane Profiles in the Presence and Absence
of Cholesterol. Equation 2 was used together with F(h)
and d values from Table 1 to calculate the one-dimensional
coherent scattering amplitude density of the membrane,
in the presence and absence of cholesterol at 10 (Figure
1B) and 50 °C (Figure 1A). Profiles in the absence of sterol
(dashed lines) are in good agreement with similar ones
obtained with DMPC or DPPC molecules.49,50,55 In par-
ticular the glyceroester regions are recognized as the two
most intense peaks4 on each side of the bilayer center and
the bilayer hydrophobic thickness, dh, can be measured
from this peak-to-peak distance. The temperature varia-
tion of the smectic repeat distance d and of dh, for
cholesterol-containing systems, is reported in Figure 2.
One remarks that the membrane hydrophobic thickness
only diminishes by 2.0 ( 0.5 Å from 10 to 50 °C, whereas
d decreases by about 6 Å. The same is also observed in the
absence of cholesterol (Figure 1 and Table 1).

Difference Profiles Obtained from Labeled and
Unlabeled Cholesterol-Containing Systems. The
labeled positions of cholesterol are obtained by using eq
3, that is, by noting differences between structure factors

ai(x) )
bi

σx2π
e-(x-xi)2/2σ2

|F(h)| ) (L1(h) L2(h) L3(h))-1/2I(h)1/2 (1)

F(x) )
2

d
∑
h)1

hmax

F(h) cos(2πhx

d ) (2)

Flabel(x) )
2

d
∑
h)1

hmax

[FD(h) - sFH(h)] cos(2πhx

d ) (3)
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obtained with deuterated and undeuterated systems
(Table 1, columns D and H) and then performing the
cosines Fourier transformation. A typical example of the
resulting deuterated cholesterol Fourier profile (bold line)
is plotted in Figure 3C together with the bilayer profile
in the presence of cholesterol (thin line). Although there
are small undulations due to truncation errors in the
Fourier transformation, two major peaks are clearly
identified at (16 Å from the bilayer center. This clearly
indicates that cholesterol is well inside the hydrophobic
bilayer interior. The six deuterons that are very close in
the rigid molecular structure of cholesterol are not resolved
due to the limited number of orders (8) to perform the
Fourier transformation. Only an envelope of ∼4 Å width
at half-maximum is obtained. The peak-to-peak separation
between maxima in the Fourier profile of labeled cho-
lesterol, dc, was measured by fitting the major peaks in
real space by a Gaussian function. To prevent systematic
errors due to truncation when performing Fourier trans-

formation with few orders, a fit in the reciprocal space
was also performed according to the procedure introduced
by Büldt and co-workers.4 Both fitting procedures led to
the same result within (0.1 Å. The resulting data, that
is, the distance, dc, between the barycenters of the six
cholesterol deuterons located on each of the two membrane
monolayers, are plotted as a function of temperature in
Figure 2. A small linear decrease of 2 ( 0.5 Å is observed
on going from 10 to 50 °C and parallels that of the
hydrophobic bilayer thickness, dh. dc is always smaller by
2-3 Å than dh, in the temperature range of our study.

Molecular Mechanics Simulation on Pure Phos-
pholipid Systems. To evaluate the capability of molec-
ular mechanics to give a structural representation of the
membrane system, calculations were performed with a
bilayer composed of 60 DMPC molecules and 1029 and
1289 water molecules for gel- and fluid-phase conditions,
respectively. Under such conditions the membrane has
been shown to be well hydrated9 in both the Lâ′ and LR
phases. At the end of a 2 ns run the one-dimensional
scattering profiles were calculated from the atomic
coordinates as described in the Materials and Methods.
The resulting profiles are shown in Figure 4 (dashed lines)
together with the corresponding profiles coming from
neutron scattering. Two remarks must be made. First,
the neutron experimental profile in the fluid phase was

Table 1. Temperature Dependence of Experimental Structure Factors for DMPC and 30 mol % Cholesterol-DMPCa

30 mol % cholesterol-DMPC

10 °C 20 °C 25 °C 30 °C 50 °C DMPC

h H D H D H D H D H D 10 °C 50 °C

1 -269 -305 -202 -291 -322 -211 -266 -337 -377 -295 -363
2 -449 -600 -225 -177 -277 -184 -270 -339 -471 -400 -427
3 +330 +390 +183 +190 +280 +183 +255 +298 +396 +403 +380
4 -158 -69 -111 -144 -125 -131 -106 -195 -138 -120 -94
5 -108 -192 -25 -49 -109 0 -81 -60 -161 -200 -103
6 -21 -45 0 0 0 0 0 0 0 -51 -52
7 +33 +113 0 0 +70 0 +52 +40 +104 +105 +49
8 -41 -40 -54 -66 -72 -65 -70 -107 -125 -41
9 -36 -106 -159

10 +56

d (Å) 57.9 57.6 55.3 54.7 54.7 53.7 54.0 51.8 52.0 54.4 47.7
a The left column (H) under each temperature stands for systems containing unlabeled cholesterol whereas the right column (D) is for

deuterium-labeled cholesterol-containing systems. h is the diffraction order and d the smectic repeat distance. The accuracy in F ranges
from 5% (large F values) to 15% (low F values). The accuracy in d is (0.1 Å.

Figure 1. One-dimensional neutron scattering amplitude
density of the membrane, in the presence (solid line) and absence
(dashed line) of cholesterol at 10 (A) and 50 °C (B). Profiles are
arbitrarily normalized to the most intense peak for easiness in
comparison and were calculated with eq 2 of the text. The bilayer
center is set at 0 Å.

Figure 2. Temperature dependence of the smectic repeat
distance, d (b), membrane hydrophobic thickness, dh ([), and
peak-to-peak separation, dc (9). dh is measured between the
most intense peaks in the Fourier neutron scattering profiles
of DMPC containing 30 mol % cholesterol whereas dc is obtained
from the Fourier difference profiles of systems containing
labeled and unlabeled cholesterol (see text). The accuracies in
the measured distances are (0.5 Å ([, 9) and (0.1 Å (b).
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obtained from 7 Bragg peaks whereas 10 orders were used
for the gel phase (see Table 1). This means that there are
less truncation errors in the cosines Fourier transforma-
tion of the gel-phase profile. Second, the calculation of the
neutron profile with molecular mechanics coordinates was
performed with a Fermi width (σ) of 1 Å. Such a width
was found necessary to compensate for the limited number
of lipids that constitute the bilayer. Although the number
of atoms is quite important for the calculation (about
10 000), their limitednumber also leads tononsymmetrical
profiles for the two monolayers (see dashed curves).
Following the two above comments, it is only necessary
to focus on the dominant features in comparing profiles
coming from experiments and from calculation. For fluid-
phase conditions, both the neutron data and the molecular
dynamics are in good agreement. The major peaks that
reflect the hydrophobic thickness are almost on top of
each other and lead to a dh of 30.8 ( 0.5 and 30.1 ( 0.5
Å, respectively. The gel-phase profiles (Figure 4B) are in
fair agreement. The depth in the bilayer center, which is
due to the presence of end chain CH3 groups, is found in
both profiles. The structure of the major peaks, that is,
the glycero-ester region and the phosphocholine head-
group, is also seen in both curves. However, the bilayer
hydrophobic thickness, dh, is greater for the simulation
(35.0 ( 0.5 Å) than for the experimental data (32.2 ( 0.5
Å).

The result of the molecular dynamics runs may also be
visualized by representing the membrane in a pseudo all-
atom display. Figure 5A and B represents the “upper”
monolayer that corresponds to positive distances in Figure

4. For clarity, the hydrogen atoms of the lipids are not
shown. The phosphorus atoms are represented by orange
spheres whereas the carbonyl oxygens of the glyceroester
moiety are depicted with pink balls. It can be clearly seen
that phosphorus atoms are better separated from the
glyceroester region in the gel rather than in the fluid phase,
as was also seen on the neutron scattering profiles. Some
additional interesting geometrical and dynamical param-
eters can be extracted from the various simulated phases
(full details on fluid phases will appear in another paper
in preparation). The specific lipid surface reaches an
equilibrium value of 61.03 ( 0.15 Å2 for the fluid phase
and 49.45 ( 0.15 Å2 for the gel phase. Concerning the
lateral diffusion parameters, calculated values are re-
spectively 8.80 × 10-8 cm2/s for the lipid headgroup and
17.0 × 10-8 cm2/s for the entire lipid in the DMPC fluid
phase. For gel-phase DMPC, the simulation leads to 2.10
× 10-8 cm2/s for polar headgroups and 7.10 × 10-8 cm2/s
for the whole lipid. It must be indicated here that self-
diffusion coefficients are obtained with the Insight II
computing package, following Einstein’s equation: one-
sixth of the slope of the mean square displacement versus
time.2 It is important to note that this equation has been
derived for isotropic motions and is valid provided that
the correlation time for a given diffusive motion is much
smaller that the time frame of the entire molecular
dynamics calculation. Hence, in some of our simulations
we may reach the validity limit of diffusion parameter
calculations from Insight II.

Molecular Mechanics Simulation on Cholesterol-
Phospholipid Systems. The vertical location of choles-
terol was also addressed by molecular dynamics. As

Figure 3. One-dimensional neutron scattering amplitude
density of [2,2,3,4,4,6-2H6]cholesterol (solid bold line) embedded
in a DMPC membrane (solid thin line): (C) from experimental
neutron data using eqs 2 and 3 of the text; (B) from a 3 ns
molecular mechanics simulation under gel-phase starting
conditions (see text); (A) from a 2 ns molecular mechanics
simulation under fluid-phase starting conditions.

Figure 4. One-dimensional neutron scattering amplitude
density of DMPC membranes in gel (panel B) and fluid phases
(panel A). Solid lines show profiles from experimental neutron
data whereas dashed lines come from a 2 ns molecular
mechanics simulation (see text for details).
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Figure 5. Snapshot representation of the DMPC fluid phase (A) after a 2 ns run, of the DMPC gel phase (B) after a 2 ns run,
and of the DMPC-cholesterol system (C) after a 3 ns molecular dynamics run. For clarity, only one bilayer leaflet, that corresponding
to positive distances in neutron scattering profiles, is shown and the hydrogen atoms have been removed from the lipids. For a
better reading of the figure, some atoms are highlighted by spheres with the following color code: ester oxygens of the two phospholipid
fatty acyl chains in red, phosphorus atoms in orange, and the six cholesterol deuterons (positions 2, 2, 3, 4, 4, and 6) in blue. The
water molecules are depicted as white-red sticks, and the carbon chain structure is depicted in shadowed green.
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indicated in the Materials and Methods, 20 phospholipids
were exchanged by cholesterol molecules in such a way
that, in the initial state, all sterols were positioned with
their hydroxyl group close to the water interface. Two
simulations were performed with very different initial
conditions: the first one, in which the phospholipids were
taken in their fluid state, and another one, in which the
gel state was considered as a starting point. After energetic
minimization and dynamical treatment for respectively
2 and 3 ns, a final state was attained and the one-
dimensional scattering profiles were calculated from the
atomic coordinates. The resulting profiles are shown in
Figure 3A and B. The entire membrane is shown in thin
lines whereas the cholesterol deuterons at positions 2, 2,
3, 4, 4, and 6 are represented by a bold line. The same
remarks concerning the finite size of the molecular
dynamics box, as already mentioned above, may be made
here. As a consequence, asymmetry in the calculated
scattering profile appears both for the membrane and for
the cholesterol deuterons. On comparing to neutron
scattering experimental data (Figure 3C), one sees that
the bilayer center showing negative scattering amplitude
(CH3 groups of lipid and cholesterol) is seen in both parts
A and B of Figure 3. However, it clearly appears that
Figure 3B is much closer to the experimental data (Figure
3C) than the figure calculated from fluid-phase starting
conditions. Both the bilayer hydrophobic thickness, dh,
and the distance between cholesterol deuterons on each
of the monolayers, dc, may be measured. One obtains dh
) 26.1 ( 0.5 Å, dc ) 24.6 ( 0.5 Å and dh ) 34.4 ( 0.5 Å,
dc ) 30.4 ( 0.5 Å for respectively fluid- and gel-phase
initial conditions. These values have to be compared to
the neutron experimental data, dh ) 34.6 ( 0.5 Å, dc )
32.7 ( 0.5 Å.

As for pure lipids, a pseudo all-atom picture of the system
may be given. Figure 5C shows the system being the closest
to the experimental data, that is, that calculated from
gel-phase initial conditions. The color code used for pure
lipids is also used here, and in addition the cholesterol
deuterons are shown as blue spheres. Again the phos-
phorus layer is well-separated from the glyceroester
oxygens and the deuterons of mostly ring A of cholesterol
are a little below the phospholipid glycerol backbone, in
agreement with neutrons data (Figure 3). Geometrical
data and in particular the specific lipid surface from mixed
cholesterol-DMPC phases are much more difficult to
extract from the simulations due to the presence of two
quite different lipids. By defining the unit cell as made of
two DMPC molecules plus one cholesterol molecule, one
obtains a surface of 141 or 176 Å2 for bilayers with initial
starting conditions respectively in the gel or fluid phase.
It is also possible to calculate lateral diffusion parameters
for each lipid. For the system run with gel-phase initial
conditions, the lateral diffusion parameters are 7.80 ×
10-8 cm2/s for the whole DMPC, 7.50 × 10-8 cm2/s for
cholesterol, and 1.96 × 10-8 cm2/s for the DMPC polar
headgroup. When the initial conditions were those of the
DMPC fluid phase, the lateral diffusion constants were
11.7 × 10-8 cm2/s, 13.9 × 10-8 cm2/s, and 4.75 × 10-8 cm2/s
for whole DMPC, cholesterol, and the DMPC headgroup,
respectively.

The potential hydrogen bonding between the cholesterol
OH hydrogen and the oxygens of the carboxyl groups of
the DMPC chains was monitored during the entire run.
A hydrogen bond is defined when the distance between
atoms is within 2 ( 0.5 Å and the O-H-O angle is between
120 and 180°.38 At the end of the run one determines that,
on average over the entire run, there are 4 ( 1 H-bonds
with ester oxygens. These figures stand for the entire

system; that is to say, there is an average of 25% “carboxyl”
H-bond per cholesterol OH. During the course of the entire
run, one nonetheless observes that there may be very
distinct hydrogen bonding behaviors: most of the potential
H-bond distances vary very quickly with time, whereas
a few are stable for more than 100 ps. It is also found that
the cholesterol hydroxyl is bound to 1 ( 0.1 H2O.

Discussion

Two major questions were addressed in this work: (i)
the vertical location of cholesterol in a membrane and (ii)
the capability of molecular mechanics to present structural
information on the membrane. The first point is quite
clear: cholesterol is well located in the bilayer core, with
its OH group in the vicinity of the fatty acyl chain
carboxyls, and induces an increase of the membrane
hydrophobic thickness. For the second point it has been
shown that molecular mechanics can account for mem-
branestructuraldataandgive informationabouthydrogen
bonding, if care is taken in defining adequately the initial
conditions of the calculation. All of these aspects will be
presented below, the second point being discussed first in
order to define which simulation data set is to be taken
to discuss cholesterol hydration and hydrogen bonding.

Molecular Mechanics versus Neutron Diffraction.
To define a membrane state, one must define both its
structure and dynamics. As mentioned in the Introduction,
numerous works have been performed on membrane
dynamics with or without cholesterol, but to our knowledge
there has been no attempt to relate the structural data
(hydrophobic thickness, vertical positioning, ...) that may
be extracted from the calculation to similar experimental
data coming from a method dedicated to structural
analysis. Concerning pure phosphocholine membranes in
their fluid phase, we have shown herein that the neutron
scattering profile calculated from the molecular mechanics
coordinates, at the end of a 2 ns run, is in good agreement
with the experimental data. In particular the hydrophobic
thickness is found to be the same, within the experimental
error, giving confidence in the calculation of orientational
order parameters from simulations. It has indeed been
shown by NMR and neutron scattering that acyl chain
order parameters are directly linked to the membrane
hydrophobic thickness.6 The lipid surface, 61 Å2, and the
lateral diffusion constants for DMPC and the DMPC
headgroup, 17.0×10-8 and 8.80×10-8 cm2/s, respectively,
obtained from the fluid-phase simulation compare also
very well with experimental values of 61-62 Å2, 18.0 ×
10-8 cm2/s,23 and (7.9-9.3) × 10-8 cm2/s31 coming from
other techniques. All these facts lead to the conclusion
that our simulation adequately represents the DMPC fluid
phase over 2 ns.

On the other hand, the hydrophobic bilayer thickness,
as estimated from a gel-phase simulation of 2 ns, is larger
by 3 Å on comparing to the experimental data. This is
clearly outside the error limits. It must be mentioned here
that the simulation is made at low temperatures (10 °C),
which does not favor rapid attainment of equilibrium.
However, it is noteworthy that the shapes of the simulation
and experimental profiles are very similar, except for the
above-mentioned point. The lipid surface, 49 Å2, and the
lateral diffusion constants for DMPC and the DMPC
headgroup, 7.1 × 10-8 and 2.1 × 10-8 cm2/s, respectively,
obtained from the gel-phase simulation must also be
compared with the experimental values of 48.5-53.8 Å2

and <0.01 10-8 cm2/s.23 The calculated lipid surface is
within the quite wide range of measured values, but the
lateral diffusion constants obtained from simulations are
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clearly much higher than the experimental data. It seems
thus extremely difficult to “freeze” such a small simulation
box, and this appears as a limitation of the simulation
technique at least on the few nanosecond time scale of our
study. Although the gel phase is incompletely described
by the simulation, both the agreements in surface area
and in neutron profile line shape let us have confidence
in describing correctly a membrane gel phase by molecular
dynamics provided longer computational times on larger
simulation boxes.

Also of interest are the results with a cholesterol-
containing membrane. Here two attempts have been made
with two different initial conditions: gel- or fluid-phase
DMPC molecules in which one third of phospholipids are
substituted by cholesterol molecules. Clearly, the hydro-
phobic bilayer thickness and the vertical positioning of
cholesterol in the membrane, starting from a fluid phase
and after a 2 ns run, are in very large disagreement,
respectively by 8 and 6 Å, with the neutron data (see Figure
3). Taking an equilibrated fluid-phase phospholipid
membrane and embedding cholesterol molecules that are
otherwise known to order the membrane7,19,28,36,43 is
therefore not the appropriate way to define the starting
conditions. On the contrary, starting from initial gel-phase
conditions and after a 3 ns run, the calculation leads to
the experimental hydrophobic thickness, within the
experimental error. The cholesterol positioning is still
underestimated by 2 Å, which is just outside the error
limits. The lipid lateral diffusion coefficients obtained from
calculations (ca. 8 × 10-8 cm2/s) are about 1 order of
magnitude larger than those experimentally measured
by Rand (ca. 10-8 cm2/s)33 or by Bayerl and co-workers (5
× 10-7 cm2/s).14 Again, the values obtained from gel
starting conditions are the closest to the experimental
data. It must be mentioned that the molecular mechanics
box is of finite size and better statistics could be obtained
if there were many more molecules in each of the
monolayers. Also more computing time would be needed,
especially with a very rigid membrane. The results are
nevertheless very encouraging and clearly point out that
the initial starting conditions for the calculation are of
first importance.

Cholesterol Vertical Location in the Membrane.
It has been proposed using diffraction methods12,15,49,50

and spectroscopic techniques1,7,19,32,41 that cholesterol is
entirely located in the membrane. As already mentioned
in the Introduction, the accurate vertical location in the
membrane has been a little bit controversial. On one hand
Worcerster and Franks49,50 claim that carbon-3 of the
steroid skeleton was at 18 Å from the bilayer center of an
egg PC membrane, whereas on the other hand Reinl and
co-workers34 proposed that cholesterol could be expelled
from the bilayer interior on crossing the former gel-to-
fluid transition temperature of pure DPPC. From our
study, it is clear that the latter situation is not encountered
in cholesterol-DMPC mixtures. Figure 2 clearly shows
that the cholesterol location in the membrane is quasi-
invariant in the temperature range 10-50 °C, that is, on
each side of the main transition temperature of pure
DMPC. The center of mass of the six deuterons of
[2,2,3,4,4,6-2H6]cholesterol is located at 16.3 ( 0.5 Å from
the bilayer center at 10 °C and 15.1 ( 0.5 Å at 50 °C. This
small temperature-induced linear decrease is easily
accounted for by the onset of conformational defects that
shorten the cholesterol and DMPC chains on increasing
the temperature. The distance between cholesterol car-
bon-3 and the bilayer center has been reported by
Worcester and Franks to be 18 Å for cholesterol in egg PC.
Adding 0.5 Å to the barycenter of cholesterol deuterons

to determine the distance between carbon-3 of the sterol
and the membrane center in our DMPC-sterol system
leads to 16.8 Å. Because the distribution of egg PC acyl
chains is centered on the 18 carbon length, the ∼1-2 Å
larger distance found between the cholesterol C-3 position
and the bilayer center in egg PC versus DMPC is easily
accounted for by the additional carbon bonds of the natural
phospholipid.

Cholesterol Location and Bilayer Hydrophobic
Thickness. Knowledge of bilayer thickness is of first
importance when one wishes to understand biomembrane
molecular and mechanical properties. For instance, an
increase in bilayer thickness will reduce the passive
diffusion of water or neutral solutes across the membrane.
On the other hand it has been shown that there is a close
relationship between bilayer thickness and the membrane
elastic modulus. For instance, in simple systems such as
giant vesicles whose membrane is made of phosphati-
dylcholines, the stiffness of the bilayer is related to the
square of the hydrophobic thickness.11

The bilayer hydrophobic thickness can readily be
measured from the one-dimensional neutron scattering
density profiles (as in Figure 1). It can also be estimated
from X-ray diffraction methods by performing analogous
experiments: the one-dimensional electron density profile
is then reconstructed. Wu and co-workers recently dem-
onstrated that bilayer thickness could be measured from
the peak-to-peak distance, that is, the distance between
the two polar headgroup regions in the electron density
profile, with an accuracy of (0.5 Å if Fourier transforma-
tion was performed with more than five orders.52 In our
neutron experiments Fourier transformations could be
performed with a number of orders varying from 8 to 10.
This leads us to be confident in our measured distances
within at least (0.5 Å. As a verification, the tilt angle of
the lipid molecules in the Lâ′ phase can be obtained from
the DMPC profile at 10 °C, for which dh ) 32 ( 0.5 Å. This
tilt angle may be calculated by considering that two tail-
to-tail lipid chains in the all-trans conformation span 34.1
Å. Adding two halves of the width (3 ( 0.5 Å) of the glycerol-
ester region4,6 leads to 37 ( 0.5 Å, and the tilt is then
given by arcos(32/37) ) 30 ( 1.5°, which agrees very well
with values reported in the literature.17,23,39

The net effect of cholesterol is to increase dh by ∼3-4
Å, independently of temperature. This effect is already
well documented in lipid fluid phases. It is indeed com-
mon to describe cholesterol as a membrane stabili-
zer.5,7,16,19-21,24,27,32,42,48,53 It has also been described as a
fluidizing agent7,19,20 of lipid membranes which are initially
in their gel (Lâ′ or Pâ′) phase in the absence of cholesterol:
a liquid-ordered (â) phase is then invoked, which shares
the properties of both fluid and gel phases.25,47 Here we
report a 3.5 ( 0.5 Å increase in hydrophobic thickness on
going from the Lâ′ phase to the â phase which appears at
first contradictory with the fluidizing effect mentioned
above. However, as already mentioned, lipids are tilted
with respect to the membrane normal in this Lâ′ phase.
Because cholesterol orients perpendicularly to the mem-
brane plane,7,22 it cancels the phospholipid chain tilt in
the â phase. If there was no chain conformational disorder,
the bilayer hydrophobic thickness would then be 37.1 Å.
Since we measure 36 ( 0.5 Å between the glycerolester
regions on each side of the bilayer, at 10 °C, there is indeed
a fluidizing effect of cholesterol which results in a bilayer
shrinking of 1.1 ( 0.5 Å.

Cholesterol Hydrogen Bonding and Hydration in
the Membrane. From neutron scattering, it is found that
the center of mass of the six deuterons of cholesterol is
1-2 Å below that of the phospholipid carboxyl oxygens.
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This suggests that the hydroxyl group of cholesterol, which
is 1.9 Å away from the deuterons’ center of mass, has a
vertical location at the level of the carboxyl oxygens’
barycenter. This reinforces the idea that the cholesterol
hydroxyl group is in a favorable position to make hydrogen
bonds with the ester oxygens of the phospholipid chains,
as also found by simulations. Although molecular dynam-
ics were run in a limited dynamic range, it is nonetheless
found that 25% of all cholesterol molecules are potentially
engaged in a hydrogen bond with the carboxyl oxygens of
phospholipids. Worcester and Franks also favor the
hydrogen-bonding hypothesis in a thicker membrane
(cholesterol-egg PC). This leads us to suggest that the
hydrogen bonding to carboxyl groups may be the leading
force responsible for cholesterol vertical positioning in
membranes. This is especially interesting with regard to
the role of the membrane dynamics regulator assigned to
cholesterol in biomembranes. Douliez and co-workers6

reported that cholesterol almost completely cancels the
phospholipid protrusion (out of plane motion) in mem-
branes. Hydrogen bonding between cholesterol and phos-
pholipids would be a good candidate to rationalize such
an effect, hence conferring on the sterol the additional
role of softener of the membrane surface.

It is also interesting to note that cholesterol is well
embedded in the membrane hydrophobic core, which
results in a weak hydration, one water molecule per sterol,
as reported by an average over 3 ns. It is interesting to
relate this finding to that of Faure and co-workers,10 who
studied the hydration of cholesterol in DMPC by means
of deuterium NMR of heavy water. They found that 2.3
DMPC molecules plus 1 cholesterol molecule strongly bind
8 water molecules (ordered water) independently of the
temperature over the range 10-50 °C. Taking into account
our result for cholesterol hydration in the same mixed
system, one finds that each DMPC binds ∼3.5 water
molecules under these conditions, that is to say about the
same number of water molecules as in its pure gel phase
(less than 4 H2O at 10 °C9). This clearly reinforces the
idea of a well laterally packed bilayer, in the presence of
cholesterol.

Conclusion

The use of neutron diffraction and proton-deuterium
contrast methods as well as molecular dynamics calcula-
tions demonstrated that cholesterol is well embedded in
the membrane and occupies a vertical location which
favors a hydrogen-bonding interaction between its OH
group and the phospholipid fatty acyl chain esters. The
temperature invariance of such a location appears to be
a good candidate for the regulatory role of cholesterol in
membrane dynamics, that is, respectively disordering and
ordering lipids that would otherwise be in solidlike or
fluidlike phases. Also of interest is the calculation of
structural data from molecular dynamics. This allows
direct comparison with experiment and points out the
limitations of the simulations.
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Appendix

ModulusofStructureFactors. Following Saxena and
Schoenborn,37 the hth-order reflection I(h) is related to
the corresponding structure factor F(h) by

where L1(h) ) 1/sin 2θB is the angular velocity term
(Lorentz factor), L2 is a factor correcting for sample
mosaicity, for vertical beam divergence, and for a detector
not wide enough to receive the entire diffracted beam in
the vertical position, and L3 is a correction for sample
absorption and geometry. For calculation of the L2 factor,
we basically follow Saxena and Schoenborn,37 with the
only variance that we calculate the inverse Fourier
transform of the product of the Fourier transform of each
of the three contributions. This is detailed below for
completeness.

(a) Sample Mosaicity. Assuming that it can be modeled
by a Gaussian function, the intensity distribution at the
detector, in the vertical z direction, may be written as

with η the sample mosaicity in degrees, as determined
from so-called rocking curves,37,55 and D the sample-to-
detector distance.

(b) Vertical Divergence. Assuming a Gaussian distribu-
tion for the beam, one may write

where ε is the beam divergence.
(c) Truncation of the Beam by the Slit before the Sample.

If the slit height is w, then

The resulting intensity is the convolution of the three
terms. For simplicity of calculation, it is better to estimate
the Fourier transformation of the final intensity, which
is the product of the Fourier transformations of each of
the contributions (eqs A2-A4):

Inverse Fourier transformation of the expression between
square brackets leads to L2(h).

L3(h) corrects for sample absorption and for sample
geometry; that is, for higher orders, the sample does not
lay entirely in the beam:30

where

and

I(h) ) L1(h) L2(h) L3(h)[F(h)]2 (A1)

IM(z) ) x4 ln 2
πη2

e[(4 ln 2)/(D sin 2θBη)2](z2) (A2)

ID(z) ) x4 ln 2
πε

2
e[(ln 2)/(Dε)2](z2) (A3)

IS(z) ) ID(z) for |z| e w/2

IS(z) ) 0 for |z| > w/2 (A4)

i(s) ) i0[D sin(2θB)e[(πD sin 2θBη)2/(4 ln 2)](s2) ×

De[(πDεB)2/(ln 2)](s2)wsin πws
πws ] (A5)

L3(h) )
ht(1 - ea/h)

ag(h)

a ) 4µtd
λ

(A6)
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In eqs A6 µ is the attenuation factor (5 cm-1), t is the
sample thickness (0.0015 cm), bw and bd are the beam
width (1 cm) and divergence (0.4), sw is the sample width
(7.5 cm), and l is the distance between the last slit and
the sample (15 cm).

Sign of Structure Factors. Because of the cen-
trosymmetry of our systems, the structure factors are real
and we only need to determine their sign. The method we
used takes advantage of the large difference in the neutron
scattering length of protons versus deuterons. Because it
has been shown that the structure factor, F(h,ΦD),
determined with a given D2O content varies linearly with
ΦD, the D2O volume fraction (% D2O in H2O)30,55 experi-
ments were therefore repeated with at least three
hydrating media of variable D2O content.49,51,54 Here two
methods can be used that we will describe below. The first
one (method A) was already described in ref 30, so we will
just outline it; the second one (method B), which takes
advantage of the linear relationship mentioned above and
allows us to predict the sign of the slope on which the
F(h,ΦD) should align, will be detailed.

(a) Method A.30 The water scattering density profile,
Fw(x) can be obtained from the scattering profiles obtained
in 100 and 0% D2O, FD2O(x) and FH2O(x), respectively:

which reads in reciprocal space as

The linear relationship between F(h,1), F(h,0.5), and F(h,0)
allows us to determine |Fw(h)|. The choice of the absolute
sign determination of Fw(h) is made in the following way:
the h ) 1 sign is related to the choice of the origin (it will
be (-1) if one sets the origin at the bilayer center); the h
) 2 sign is related to the sign of the water density profile
(-1 if Fw(x) is considered as positive); the remaining signs
are chosen in order to get a “flat” water distribution at the
bilayer center.30 This latter hypothesis seems to be
reasonable when considering membranes where the core
is only made of hydrocarbon chains, as in our study. This
may not be the case when proteins cross the membrane
or make channels.

(b) Method B. The diffraction intensities will linearly
increase or decrease on replacing H2O by D2O, depending
on whether the structure factors are positive or negative,
respectively. One may therefore write

where the slope of the linear variation, p(h) ) Fw(h), can
be expressed as

where Dw(x) represents the water distribution in the
membrane and dw represents the water layer thickness.
In writing eq A10, it is assumed that the origin in x is
placed at the center of the water layer. A is a constant
depending on the number of water molecules in the unit
cell and on the difference between the neutron scattering

lengths of the deuteron and the proton. Assuming that
the water distribution is to first order, a step function, eq
A10 transforms into

Figure 6 shows plots of eq A11 for three values of dw/d.
It is clearlyseenthat theslopes p(h) arepositiveornegative
depending on the thickness of the water layer. This figure
can be used to determine the signs of F(h). For instance,
the slopes of the linear variation of F(h) versus the D2O
content will be positive for the five first orders if dw/d <
1/5. To determine their sign, one will align the structure
factors obtained for different D2O volume fractions on a
line of positive slope; for h ) 6 to 10 one will seek for a
negative slope; and so forth. This method will not suffer
too much from the possible presence of water in the bilayer

g(h) )
hλsw

2d(bw + 2/tgπbd)
for g(h) > 1

g(h) ) 1 otherwise
(i.e. all the sample is in the beam)

Fw(x) ) FD2O(x) - FH2O(x) (A7)

Fw(h) ) F(h,1) - F(h,0) (A8)

F(h,ΦD) ) p(h) + F(h,0) (A9)

p(h) ) A∫0

dw/2
Dw(x) cos(2πxh

d ) dx (A10)

Figure 6. Plot of the slopes, p(h), as a function of diffraction
order, h, according to eq A11 of the Appendix. Calculations
were made for dw/d values of 5/55 ([), 10/55 (9), and 15/55 (b).
The slopes of the linear variation of F(h) versus D2O volume
fraction content will be positive for the first 10 ([), 5 (9), and
3 (b) orders, respectively. See text for details.

Figure 7. Linear dependence of the experimental structure
factors as a function of D2O volume fraction. The sample is
made of DMPC + 30 mol % cholesterol, at 10 °C. Symbols
represent the five first diffraction orders; h ) 1 (b); h ) 2 (1);
h ) 3 ([); h ) 4 (2); and h ) 5 (9). Solid lines are least-squares
fits of the experimental values.

p(h) ) A
2

d
πhdw

sin(πdwh
d ) (A11)
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core, as opposed to the case for method A, since this
contribution will anyway be weaker compared to that for
the majority of water located between bilayers. Of course
dw/d must be evaluated. This difficulty can be surmounted
in most cases, since d is measured and the bilayer
thickness is estimated from knowledge of lipid chain
length.

This method has been applied to all our data. As an
example, Figure 7 shows the variation of F(h) as a function
of D2O content, for a DMPC sample containing cholesterol,
at 10 °C. To build this graph, it has been assumed that
dw/d < 1/5, which under our conditions appears to be
reasonable, and therefore five positive slopes were searched

for. The sequence of signs is therefore (+, -, -, -, +) for
h ) 1-5, respectively. To reconstruct a Fourier profile
with the origin at the center of the hydrophobic core, the
Redfield rearrangement was performed; that is, every odd
structure factor was negated. The sequence of signs then
becomes (-, -, +, -, -), as found in Table 1.

It must be mentioned here that method A was also
applied to our data and gave the same sign sequence. One
will nonetheless prefer method B because the criterion of
a “flat” water profile in the bilayer core is somewhat
difficult to quantify.
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